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The  development  of  pulse  lasers  has  not  only  intensified  the  interest  in  the  /1685 

nonstationary  problem  of  scattering,  but  has  also  provided  the  researchers  with  a 
tool  for  studying  the  phenomenon  of  multiple  light  scattering  itself.  It  has  become 
possible,  by  using  a laser  with  a burst  duration  of  the  order  of  several  or  tenths 
of  nanoseconds  and  detectors  with  a high  time  resolution,  to  split  the  light  signal 
propagating  between  two  points  of  a medium  into  its  component  elements,  which 
differ  in  the  photon  path  length  inside  the  medium  or  in  the  number  of  tested  scat- 
tering events. 

References  1 and  2 have  indicated  the  usefulness  of  representing  the  matrix  of 
radiation  transfer  p}?  from  point  1 to  point  2 of  a scattering  medium  in  the  form  of 

1 12 

the  sum  of  matrices  corresponding  to  different  photon  path  lengths  from 

point  1 to  point  2: 

P8-J 

This  approach  makes  it  possible  to  expand  the  transfer  matrix  in  powers  of 
quantum  survival  probability  and  facilitates  the  solution  of  the  transfer  equation,  / 16* 
which  is  performed  by  the  method  of  successive  consideration  of  scattering  of 
increasing  multiplicity. 

When  suitable  polarizers  and  analyzers  are  used,  the  development  of  the  pulse 
technique  along  the  lines  of  reduction  in  the  signal  duration  to  a limit  beyond  which 
it  could  be  assumed  to  be  a 6 pulse  may  permit  one  to  obtain  the  components  of  the 

transfer  matrix  experimentally. 
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In  particular,  by  probing  the  scattering  medium  with  a short  light  signal  and 
detecting  diffusely  reflected  light,  one  can  obtain  the  mean  scattering  multiplicity 
of  the  reflected  light  as  a function  of  its  primary  optical  characteristics,  etc. 

However,  before  using  the  laser  as  a tool  for  the  study  of  a scattering  medium, 
it  is  necessary  to  solve  several  problems  of  experimental-methodical  character.  It 
can  be  shown  that  the  use  of  artificial  media  for  the  perfection  of  these  methods  is 
difficult.  In  order  to  be  able  to  equate  the  signal  to  a 6 pulse,  it  is  necessary 
that  at  least  the  product  of  its  duration  T and  velocity  of  light  in  the  medium  cn 
docs  not  exceed  the  mean  free  path  of  the  radiation  1/e 
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In  artificial  simulating  media,  this  condition  could  be  fulfilled  only  by  using  very 
short  pulses,  of  the  order  of  fractions  of  a nanosecond,  whose  recording  is  a technically 

; 

... 

Numbers  in  the  right  margin  indicate  pagination  in  the  original  text. 


complex  problem.  Therefore,  the  method  using  lasers  to  study  natural  scattering 
media  should  be  perfected  on  the  investigated  objects  themselves. 


In  1966,  a group  of  scientists  at  the  Physics  Institute  of  the  Belorussian 
Academy  of  Sciences  made  an  attempt  at  a direct  study  of  nonstationary 
light  scattering  in  the  waters  of  Lake  Naroch'.^ 

In  1967,  the  Hydrooptics  Laboratory  of  the  Oceanology  Institute  of  the  USSR 
Academy  of  Sciences  and  Laboratory  of  Scattering  Media  of  the  Physics  Institute  of 
the  Belorussian  Academy  of  Sciences  organized  studies  in  the  open  sea  aboard  the 
research  ship  KAPITAN  CHUMAKOV.  The  present  article  describes  some  results  of  these 
experimental  studies. 

The  chief  objectives  of  the  experiment  were:  (a)  to  perfect  a method  of  using 
a laser  and  detecting  instruments  with  a high  time  resolution  for  studying  light 
scattering  processes  in  the  sea;  (b)  to  obtain  a picture  of  the  temporal  diffusion 
of  a light  pulse  in  seawater  as  a function  of  the  distance  between  the  radiator  and 
the  detector  - up  to  distances  of  the  order  of  100  m - for  different  relative  ori- 
entations of  the  two  instruments. 

The  following  equipment  was  used  for  measurements  in  the  sea.  /I 

The  light  source  used  was  a neodymium  glass  laser  with  Q-switching  and  frequency 
doubling,  with  a laser  wavelength  of  530  nm.  The  half-width  light  pulse  duration 
ranged  from  10  to  25  nsec,  at  an  average  power  of  about  100  kW.  The  light  beam  dia- 
meter did  not  exceed  12  mm,  and  the  divergence,  3'-5'.  The  laser  was  placed  in  a 
sealed  housing,  which  contained  a set  of  neutral  light  filters  changing  the  attenua- 
tion order  from  0 to  15  at  one-order  intervals.  The  change  of  the  neutral  filters 
and  monitoring  of  the  number  of  the  inserted  filter  were  performed  by  remote  control. 

The  light  pulse  detector  used  was  a specially  selected  photomultiplier  of  type 
FEU-36  with  good  time  characteristics,  enclosed  in  a sealed  housing.  The  PM  photo- 
cathode was  placed  in  the  focal  plane  of  a mirror  400  mm  in  diameter,  producing  a 
high  luminosity  of  the  detector  at  the  selected  detection  angles  of  6°  and  20°.  The 
photomultiplier  was  supplied  at  such  a rate  that  the  time  constant  did  not  exceed 
4 nsec. 


The  photomultiplier  signal  was  fed  by  a cable  180  m long  to  the  input  of  an 
Sl-11  oscillograph;  the  entire  measuring  transmission  line  had  a time  constant  no 
greater  than  5 nsec. 

To  check  the  length  of  the  light  pulse  beamed  at  water,  part  of  the  green  radia- 
tion of  the  laser  was  deflected  by  a plane-parallel  glass  plate  to  an  FEU- 36  reference 
photomultiplier  located  in  the  housing  of  the  radiation  source.  The  signal  from  this 
detector  was  sent  through  an  attenuator  to  the  same  input  of  the  Sl-11  oscillograph 
as  the  main  signal. 

The  oscillograph  sweep  was  triggered  by  the  signal  from  the  photomultiplier 
located  in  the  housing  of  the  light  source.  Thus,  signals  sent  into  water  and  detected 
in  water  could  be  photographed  simultaneously  on  the  oscillograph  screen  by  recording 
both  the  time  lag  of  the  second  pulse  and  the  shapes  of  both  pulses. 

To  immerse  the  source  and  detector  in  water  from  the  ship's  side,  and  also  to 
measure  the  change  in  the  distance  between  them  in  water  and  their  relative  orienta- 
tion, a cable  photometric  bench  was  used.  The  radiation  detector  was  placed  on  the 
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lower  carriage  of  the  bench,  whose  immersion  depth  determined  the  distance  between 
the  light  source  and  the  detector;  the  radiator  with  the  laser  was  located  on  the 
upper  carriage,  immersed  to  a depth  of  1.5-2  m under  the  surface  in  order  to  eliminate 
the  effect  of  the  air-water  interface  on  the  formation  of  a nonstationary  light  field 
in  the  seawater  mass.  The  source  and  detector  could  rotate  through  the  required  angle 
in  the  vertical  plane  perpendicular  to  the  ship's  side. 


Fig.  1.  Typical  shape  of  emitted  and  detected  pulses  (from  an  oscillograph  screen).  / 171 
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Fig.  2.  Difference  of  durations  of  detected  and  emitted  pulses  T = t^  - t2  at 
different  orientations  of  the  source  and  detector  as  a function  of  the  distance 
between  them. 

solid  lines  - at  0.5  level 

dashed  lines  - at  0.1  level 
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A large  number  of  photographs  of  the  oscillograph  screen  were  obtained  (Fig.  1)  /172: 
with  a recording  of  the  shape  of  the  transmitted  and  detected  pulses.  To  estimate 
the  parameters  of  the  pulse  transfer  function  of  the  process,  the  following 
quantities  were  measured  (on  the  photographs): 

, 

t^  - duration  of  pulse  detected  at  the  0.5  level;  t^  - same,  at  the  0.1  level;  » 

t£  - duration  of  reference  signal,  characterizing  the  laser  luminescence  time,  at  the 
0.5  level;  t£  - same,  at  the  0.1  level;  t3  - time  of  transmission  of  the  signal  through 
water  from  the  source  to  the  detector,  i.e.  , distance  from  the  start  of  the  reference 
signal  to  the  start  of  the  detected  signal,  minus  the  lag  constant  in  the  cable. 
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Fig.  3.  Time  of  transmission  of  the  signal 
through  water  for  different  orientations  of  the 
source  and  detector  as  a function  of  distance 
(Y  - 90°). 

6:  1 - 90°,  2 - 180°,  3 - 10°. 


Simultaneously  with  the  photography  of  the  signals,  the  following  quantities 
were  recorded: 

4 - distance  from  the  source  to  the  detector  in  water;  y - angle  of  rotation  of 
the  laser  beam  from  the  vertical  (for  y = 0,  the  laser  gives  light  at  the  nadir); 

9 - angle  of  deviation  of  the  detection  direction  of  the  detector  from  the  vertical 
(for  9=0,  the  detector  points  at  the  zenith). 

The  primary  hydrooptical  characteristics  were  also  recorded. 

The  results  of  the  measurements  are  presented  in  the  figures. 

Since  the  duration  t£  of  the  emitted  pulse  is  comparable  to  the  durations  of 
the  detected  signals  t^  (and  varied  in  the  range  of  10-25  nsec) , it  is  convenient 
a§  a first  approximation  to  take  the  difference  between  the  two  times  T = “ c2 

as  the  parameter  of  pulse  shape  diffusion.  Figure  2 shows  the  values  of  x and  x' 
obtained  for  y = 90°  (i.e.,  with  the  laser  beam  in  the  horizontal  direction  under 
the  surface  of  the  sea  at  a depth  of  1.5  m)  and  different  0 and  4.  The  open  circles  / 172 
denote  values  of  x'  = tj^  - t^,  and  the  closed  circles,  values  of  X. 

The  values  of  X and  x’  for  angles  y = 60°  and  0 = 60°  pertain  to  the  case  in 
which  the  source  and  detector  were  turned  in  the  same  plane  away  from  the  ship's 
side,  so  that  their  optical  axes  intersected  at  a 60°  angle. 

A certain  scatter  of  the  points  was  in  all  probability  due  to  instrumental  errors. 
The  results  may  be  used  for  estimating  the  order  of  magnitude  of  the  effect  observed. 

Figure  3 shows  values  of  t3  for  different  orientations  of  the  source  and  detector. 


Fig.  4.  Time  of  transmission  t3  of  the  signal 
through  water  for  coaxial  positions  of  the  source 
and  detector  (y  = 0 = 0°),  as  a function  of 
distance  4. 


Figure  4 shows  values  of  for  the  case  y = 0,  0=0.  The  mean  propagation 
velocity  of  the  diffuse  light  signal  in  water,  calculated  from  this  dependence,  is 
practically  the  same  as  that  for  directed  light. 
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The  following  conclusions  may  be  drawn  from  these  studies. 

1.  The  development  of  the  instruments  for  studying  light  scattering  in  the 
sea  may  be  considered  tentatively  completed. J 

2.  ^Quantitative  characteristics  have  been  obtained  which  make  it  possible  to 
make  the  first  estimates  of  the  parameters  of  the  pulse  transfer  function  of 

the  process. 

S.^It  was  found  necessary  to  increase  the  time  resolution  of  the  detector 
even  more  and  decrease  the  duration  of  the  sounding  pulse. 

4.  Continuation  of  experimental  studies  in  ocean  waters  of  high  transparency 
would  make  it  possible  to  improve  the  quality  of  measurements  using  existing  equip- 
ment with  the  already  achieved  time  resolution. 
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